Introduction {#sec1}
============

Nanocomposites have attracted great interest over the last decades due to the presence of enhanced functional material properties induced by confinement of the structural dimensions.^[@ref1]^ Ceramic-based nanocomposites are one of the most rapidly evolving research areas^[@ref2]^ as they are currently being used in a wide range of applications, such as motor engines, heat exchangers, power plants, and air-/spacecraft technology. However, accurate control of the distribution and orientation of the nanoparticles within the matrix material is often limited or even impossible. Detailed knowledge on the alignment of nanostructures through self-assembly is very well-studied in organic systems^[@ref3]^ but remains a rather unexplored territory for inorganic nanocomposites.

Parallel to planar heterointerfaces, vertical heteroepitaxial nanocomposite thin films have been developed in the past decade as a new platform for creating self-assembled device architectures and multifunctionalities.^[@ref4],[@ref5]^ Such epitaxial vertically aligned nanocomposites (VANs) offer promising advantages over conventional planar multilayers as key functionalities are tailored by the strong coupling between the two phases at their interfaces, such as strain-enhanced ferroelectricity and multiferroics,^[@ref6],[@ref7]^ ferromagnetism,^[@ref8]^ magnetoresistance,^[@ref9]^ electronic transport,^[@ref10]^ and coupled dielectric and optical effects.^[@ref11]^

Epitaxial VANs are self-assembled through physical vapor deposition, without control of the deposition sequence, as is required for planar multilayer films. For epitaxially directed self-assembly, it is desirable that one phase in the film is structurally well-matched to the substrate such that it nucleates, grows epitaxially, and forms the host matrix. The second phase (epiphyte) epitaxially aligns with the matrix phase. Depending on surface energy considerations and the relative concentrations of the two components in the film, the epiphyte phase may or may not seed its growth on the substrate. The host and epiphyte can both be chosen to be active phases whose functional properties are of interest and where the phases interact with each other via strain- or charge-coupling at the interfaces. Dimensional tunability has been demonstrated, in which various nanopillar shapes and dimensions (2--200 nm) have been achieved in specific material systems.^[@ref4],[@ref5]^

There is currently limited knowledge of which materials systems are compatible with one another in composite films and which types of structures are optimal for a given functionality.^[@ref12]^ In order to be able to design optimal VAN structures, the current knowledge gap on the fundamental understanding of the growth mechanisms during composite nanostructure formation must be filled. Detailed simulation of the VAN growth mechanism would provide important insight into the compositional, structural, and processing factors that influence the achievable VAN structures. Solid-on-solid kinetic Monte Carlo simulation (KMCS) models of vertical nanocomposite growth have previously been developed to study the influence of temperature,^[@ref13]−[@ref16]^ deposition rate,^[@ref14],[@ref17]^ and composition ratio^[@ref13],[@ref15]^ on the VAN morphology. Although the studied models result in good approximation of the experimental results, they force phase separation into the nanocomposite system^[@ref13]−[@ref17]^ by limiting the permitted hopping orientations and/or by tuning the activation energies for hopping to fit the experimental results.

Although various epitaxial VANs have been studied in the last decade,^[@ref4],[@ref5]^ the successful realization of two-phase epitaxial VANs has remained limited to specific material combinations: for example, ferroelectrics (BaTiO~3~, BiFeO~3~, and PbTiO~3~) with ferromagnets (CoFe~2~O~4~, NiFe~2~O~4~, MgFe~2~O~4~, La~0.7~Sr~0.3~MnO~3~, and Fe~3~O~4~); BiFeO~3~ ferroelectric with LaFeO~3~ antiferromagnets; and a ZnO insulator with a La~0.7~Sr~0.3~MnO~3~ ferromagnet. No lithium-based VANs have yet been explored for energy storage, while 3D solid-state batteries offer great promise for enhanced energy and power densities.^[@ref18],[@ref19]^ The potential advantages of VAN-based lithium-ion batteries are a larger electrode/electrolyte contact area leading to higher (dis)charge rates; short path lengths for both electronic and Li-ion transport leading to a higher lithium-ion flux (also permitting the usage of materials with low electronic or ionic conductivity); better accommodation of the strain during lithium insertion/extraction; and interface reactions not available in bulk materials.

Here, we study the influence of the temperature and deposition rate on the morphology evolution of lithium-based VANs by applying a KMCS model with activation energies for hopping obtained experimentally and with minimum restrictions for hopping directions. The combination of KMCS and reflective high energy electron diffraction (RHEED) measurements provides an elegant tool to predict the growth of VAN materials. Although the model considers only the kinetic processes away from thermodynamic equilibrium, which would determine the final shape of the pillars within the matrix, the trends in pillar size and distribution within the simulated VANs are in good agreement with experiments. We demonstrate that experimental activation energies and higher degrees of freedom for hopping result in a more realistic and low computational cost model that can be used to obtain accurate simulation results for VAN materials. Furthermore, we demonstrate the successful growth of lithium-based VANs consisting of the promising LiMn~2~O~4~ cathode and Li~0.5~La~0.5~TiO~3~ electrolyte materials.

Results and Discussion {#sec2}
======================

For the proposed KMCS algorithm, we model the VAN growth of LiMn~2~O~4~ (LMO) pillars embedded in a Li~0.5~La~0.5~TiO~3~ (LLTO) matrix, deposited on a (100)-oriented SrTiO~3~ (STO) substrate, as displayed in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a,b, to have a better understanding of the influence of growth parameters on the VAN formation.

![(a) Top-view and (b) cross-sectional SEM images of a nanocomposite thin film composed of LMO pillars embedded in an LLTO matrix. (c) X-ray diffraction analysis of the VAN film, in which LLTO peaks are shown by ◆, LMO peaks by ■, and STO substrate peaks by \*, whereas minor contributions of the tetragonal LLTO phase are indicated by ◇. (d) Cross-sectional energy selective backscattered scanning electron microscopy (SEM) image showing the compositional contrast.](am9b15025_0001){#fig1}

LMO is a high voltage cathode material^[@ref20]^ exhibiting a spinel structure with a lattice parameter of *a* = 8.245 Å, while LLTO is a high ionic conducting electrolyte^[@ref21]^ with a perovskite structure (*a* = 3.904 Å), making them an interesting combination, similar to previous successful spinel--perovskite VAN formations.^[@ref6],[@ref22]^ The successful phase separation of both materials into a nanopillar matrix structure within the nanocomposite can be observed in the SEM images, as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a,b, while the purity and crystallinity of both specific phases are confirmed by X-ray diffraction (XRD), [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c. The out-of-plane (100) crystal orientations of both LMO and LLTO phases within the VAN films are aligned with the orientation of the STO substrate. The LMO and LLTO peaks show the presence of highly crystalline oriented spinel and perovskite structures, in good agreement with previous studies of individual LMO or LLTO thin films grown on STO(100) substrates.^[@ref23],[@ref24]^ The small extra peaks suggest the presence of minor contributions of tetragonal LLTO (Li~0.56~La~0.33~TiO~3~), which could be randomly distributed throughout the LLTO matrix or located at specific interfaces. This minority tetragonal LLTO phase will be studied in detail in follow-up research. Also, the in-plane orientations of both cubic LMO and LLTO phases are aligned to the cubic substrate as confirmed by detailed XRD analysis (not shown), resulting in square LMO nanopillars rotated 45° with respect to the (010) in-plane direction of both the perovskite LLTO matrix and STO substrate. Furthermore, phase separation was also confirmed by energy selective backscattered SEM analysis, where contrast is determined by compositional differences ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d), leading to a much brighter LLTO matrix because of the presence of the heavy La ions.

The KMCS modeling is represented in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a, where a 3-dimensional 128 × 128 × *Z* grid is used to represent the cubic (100) surface of STO. For each pulse, atoms are generated on random locations of the grid, and one adatom represents one unit cell of the LLTO perovskite crystal structure or 1/8th unit cell of the LMO spinel crystal structure. After each pulse, the deposited adatoms diffuse over the surface, one at a time. Periodic boundary conditions were used, and hopping can occur in the 6 cubic and 12 diagonal directions, only if a site is unoccupied and there is a path available to it, indicated by the highlighted positions in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a. The LMO (purple, indicated by the white arrow) adatom in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a represents an adatom with a hopping rate of zero because its movement would cause a floating adatom. To obtain the accurate activation energies for hopping for all involved materials, a systematic RHEED study was performed during thin-film growth. With three different materials, there are five possible interaction energies: *E*~LMO--STO~, *E*~LMO--LMO~, *E*~LLTO--LMO~, *E*~LLTO--STO~, and *E*~LLTO--LLTO~. More details about the algorithm employed in the KMCS model are given in the [Method Section](#sec4){ref-type="other"}.

![(a) Schematic of the KMCS model, representing the deposition and diffusion of both phases, LMO (purple) and LLTO (green), on a STO (orange) surface. The bright areas indicate possible hopping positions for LMO adatoms on the surface. Note that adatoms that could lead to floating adatoms (indicated by the white arrow) have no possible hopping direction. (b) RHEED intensity oscillations during PLD growth of individual LLTO and LMO thin films on STO substrates. (c) Exponential fitting of the specular spot RHEED intensity variation during a single laser pulse for LLTO growth on the LLTO surface at different temperatures. (d) Arrhenius plot of the RHEED relaxation time dependence on the growth temperatures for several combinations: LLTO on STO, LLTO on LLTO, and LMO on STO. (e,f) KMC simulation showing the wetting and nonwetting behavior of LLTO and LMO thin films on a STO surface based on 12 deposition pulses using the activation energies for hopping as obtained by RHEED analysis.](am9b15025_0002){#fig2}

Typical RHEED measurements are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b, where individual LLTO and LMO thin films were deposited on (100)-oriented STO substrates. The activation energies for hopping were extracted by monitoring the recovery of the specular spot RHEED intensity for laser pulses at growth temperatures of 700, 750, and 800 °C. The relaxation curves are fitted to an exponential function ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c), given by *I* ∝ *I*~0~(1 -- e^--*t*/τ^),^[@ref25]^ and the time constant obtained is a measure of the mobility of the diffusing adatoms with ln(τ) = *A* + *B*·1/*T*, where *A* = ln(*l*~D~^2^/ν*a*^2^), *B* = *E*~A~/*k*~B~, *l*~D~ is the diffusion length, ν is the diffusion attempt frequency, and *a* is the characteristic jump distance. Therefore, using the obtained relaxation time τ, an Arrhenius plot can be drawn ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d), where the slope is used to calculate the activation energy *E*~A~ for each materials combination.^[@ref26]^ From the initial growth of the first LLTO or LMO layer on a STO surface, the *E*~LLTO--STO~ and *E*~LMO--STO~ interaction energies were determined, while subsequent thin-film growth resulted in values for *E*~LLTO--LLTO~ and *E*~LMO--LMO~. The values of activation energy for hopping of all involved materials combinations are listed in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. The combined effect of all physical interactions between the materials is reflected in this single value of the activation energy for diffusion. Considering how these values are applied in the KMCS model, a high value indicates favorable interactions, resulting in a wetting behavior, while a low value corresponds to a nonwetting behavior.

###### Activation Energies Obtained by RHEED (in eV) and Constants Used in the KMCS Model

  *k*~0~   *E*~S~   *E*~ES~   *E*~LMO--STO~   *E*~LMO--LMO~   *E*~LLTO--LMO~   *E*~LLTO--STO~   *E*~LLTO--LLTO~
  -------- -------- --------- --------------- --------------- ---------------- ---------------- -----------------
  10^12^   1.0      0.15      0.25 ± 0.01     0.51 ± 0.01     0.25 ± 0.01      0.49 ± 0.01      0.51 ± 0.01

The values for *E*~LLTO--STO~ and *E*~LLTO--LLTO~ are similar, indicating similar favorable interactions that can be explained by their identical perovskite crystal structure. The value for *E*~LMO--STO~ is significantly lower, indicating reduced wetting behavior for a spinel layer on a perovskite surface. Note that by using these values, the (non)wettability is only implicitly added to the model, which successfully reproduced the wettability for both LLTO and LMO phases on STO surfaces, as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c,d, respectively. Due the Volmer--Weber growth nature of (100)-oriented LMO,^[@ref23]^*E*~LMO--LMO~ and *E*~LLTO--LMO~ could not be obtained directly and are assumed to be equal to *E*~LLTO--LLTO~ and *E*~LMO--STO~, respectively, since similar interactions are expected. The obtained activation energies are used in the KMC simulation to model the VAN formation at different growth temperatures.

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} shows the KMC simulations for the VAN surface after 300 pulses of nanocomposite growth at a 20 Hz deposition rate in the temperature range 700--900 °C. The KMCS results are in good agreement with the variation in VAN formation in the experiments as shown by the AFM images in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. The LMO and LLTO components phase-separate into well-defined and evenly spaced nanostructures. The KMCS model does not incorporate anisotropic interaction energies to reflect different crystal facets and disregards the thermodynamic processes for energy minimization at the interfaces between the different material phases, that is, the nanopillars and matrix. The two components show some intermixing because the interaction energies are relatively close, while increasing the difference between these values will lead to stronger phase separation.^[@ref27]^ However, the simulated vertical nanostructures are qualitatively similar to those described in previous nanocomposite studies.^[@ref13],[@ref15],[@ref27]−[@ref29]^

![AFM images (top) and KMCS results (bottom) for the LMO--LLTO nanocomposite growth at a deposition rate of 20 Hz for different growth temperatures.](am9b15025_0003){#fig3}

[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} shows the cross-sectional SEM analysis of the experimental VAN thin films for different deposition rates alongside the 3D view of the KMCS results with the same parameters. The formation of the LMO nanopillars within the LLTO matrix can be observed as they are connected to the underlying STO substrate and grow through the full thickness of the VAN film. The vertical pillars formed at 2 Hz exhibit a larger diameter compared to those grown at 8 Hz. However, for a deposition rate of 0.5 Hz, the LMO phase does not form vertical structures but grows in larger, three-dimensional agglomerates dispersed in the LLTO matrix. Notably, many LMO structures are not well-connected to the STO substrate and instead rest on a LLTO region in many locations.

![Cross-sectional SEM analysis (left) and 3D view of KMCS results (right) for the LMO--LLTO nanocomposite growth for different deposition rates (0.5, 2, and 8 Hz) at 800 °C.](am9b15025_0004){#fig4}

It can be clearly observed that a lower growth rate does not favor the growth of nanopillars even though particles have more time to hop over the surface to find their own species. It is expected that the formation of the pillars depends on the islands that are formed in the initial stage of growth.^[@ref13],[@ref14]^ The diffusion length of the two components plays a critical role in the resulting island size^[@ref27]^ and therefore the expected nanopillar formation. The diffusion length is given bywhere τ is the diffusion time and *D* is the diffusion coefficient obtained bywhere ν is the diffusion attempt frequency, *a* is the characteristic jump distance, and *E*~a~ is the activation energy for diffusion. At low frequencies, the long LMO diffusion length leads to the growth of a few larger islands. For higher frequencies, the diffusion length rapidly drops, resulting in the growth of many smaller islands on the surface. For such higher frequencies, the diffusion length of both LMO and LLTO species becomes comparable, and vertically aligned structures are formed. This limits the pillar diameter to about 90 nm for VAN growth at higher frequencies, in good agreement with experimental results in previous studies.^[@ref22]^

A quantitative analysis was performed considering the number density of pillars over the VAN film surface. To obtain the number of pillars from the simulation results, pillar areas under 5 nm^2^ were neglected, considering that it represents monomers on the surface. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a,b show the comparison of the number density between KMCS and experimental results, respectively, as a function of the different substrate temperatures for a 20 Hz deposition rate and the different deposition rates for a substrate temperature of 800 °C. The KMCS results show good qualitative agreement with respect to the evolution of pillar density upon changes in synthesis parameters, with a difference of a factor of 100. This difference is caused by the *E*~s~ values used in the KMC simulation. For the standard simulation, *E*~s~ = 1.0 eV was used, which generates good results for a low computational cost. Decreasing the value of *E*~s~ ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b) allows more hops of the adatoms between consecutive pulses, yielding number density values closer to those in experiments, but with significantly longer computational times. Extrapolating KMCS number densities for different *E*~s~ values from [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b to the experimental number density of 7.6 × 10^--5^ nm^--2^ for a 50 Hz deposition rate, an *E*~s~ value of 0.38 eV is calculated, resulting in an estimated increase of computational time for the KMC simulation of 2 orders of magnitude.

![Number density comparison between KMCS (squares) and experimental results (circles) as a function of (a) different substrate temperatures for a 20 Hz deposition rate and (b) different deposition rates for a substrate temperature of 800 °C. White squares (□) in (b) represent different *E*~s~ values used during simulations.](am9b15025_0005){#fig5}

Conclusions {#sec3}
===========

We demonstrate the successful use of KMCS to model the growth of lithium-based vertically aligned nanocomposite films consisting of a promising LMO--LLTO cathode--electrolyte combination towards 3D solid-state batteries. For the algorithm, we applied a more realistic and low computational cost model, where a minimal number of restrictions was used for diffusion and for which the interaction energies were based on experimental RHEED measurements. The simulations, both of the individual components and of the nanocomposite VAN structures, showed good agreement with the films obtained experimentally and followed the trends for the deposition rate and temperature dependencies predicted by physical models. The simulated and experimental results show that growing at low deposition frequencies does not generate vertically aligned nanostructures, which is expected to be related to the islands formed during the initial growth stage. On the other hand, higher deposition frequencies yield comparable diffusion lengths, resulting in well-defined, but smaller, vertical nanopillars. The inverse effect is expected for variations in deposition temperature, where higher temperatures cause the formation of larger epiphyte grains. Quantitative analysis shows good agreement with respect to the evolution of nanopillar density upon changes in synthesis parameters, with a difference factor explained by the choice of energies used in the KMCS modeling to minimize the computational time. Our results demonstrate that KMCS modeling can be successfully applied to predict the nanopillar--matrix formation in lithium-based VAN films. However, to achieve optimal electrochemical functionality in the created VAN structures for energy storage, the specific crystal structure and stoichiometry have to be taken into consideration for the individual cathode and electrolyte materials, as well as for the interface formed between them.

Method Section {#sec4}
==============

The films were grown from a sintered 67% La~0.5~Li~0.5~TiO~3~ + 33% LiMn~2~O~4~ (30 wt % excess Li) target at an oxygen pressure of 0.2 mbar within the temperature range 700--900 °C. A KrF excimer laser was used, operating at 248 nm, 0.5--50 Hz, and a laser energy fluence of 2.3 J cm^--2^, resulting in a growth rate of ∼0.15 Å/pulse. The STO substrates (*a* = 3.905 Å)^[@ref30]^ were annealed in a tube oven before the deposition at 950 °C for 90 min in an oxygen flow of 150 L/h. After deposition, the films were cooled down to room temperature at an oxygen pressure of 0.2 mbar at a rate of 10 °C/min.

For the KMCS modeling, a 3-dimensional 128 × 128 × *Z* grid was used to represent the cubic (100) surface of STO, where *Z* is the height. In these simulations, the PLD growth process is simplified as only deposition and diffusion of singular entities are allowed. Typically, these entities are atoms when simulating growth of metals. However, in the case of oxides, deposition and diffusion of complete unit-cell blocks are simulated, which are referred to as adatoms. The deposition of the material is simulated by instantaneously generating adatoms on randomly chosen locations on the grid. One adatom represents one unit cell of the LLTO perovskite crystal structure or 1/8th unit cell of the LMO spinel crystal structure. The number of adatoms deposited in each pulse is 1/25th of the size of the grid, based on the RHEED results for the LLTO growth rate. No desorption is allowed.

After each pulse, the deposited material can diffuse over the surface, which is modeled as the hopping of adatoms, one at a time, to available surrounding coordinates. Periodic boundary conditions were used, and hopping is only possible if a site is unoccupied and if there is a path available to it. Hopping continues until a new pulse arrives, at which moment the location of the old adatoms is fixed. The hopping rate of the adatoms is defined as *k*~*i*~ = *k*~0~ e^(−*E*~D,*i*~/*k*~b~*T*)^, where *k*~*i*~ is the hopping rate of the unit cell *i*, *k*~0~ is the hop attempt frequency^[@ref13]^ (*k*~0~ = 10^12^ s^--1^), *E*~D,*i*~ is the activation energy for diffusion, *k*~b~ is the Boltzmann constant, and *T* is the absolute temperature. The activation energy was calculated considering the sum of the interaction energies between the adatom and all occupied neighboring positions, *E*~D~ = *E*~S~ + ∑~*j*=1~^*J*^*n*~*j*~ × *E*~*j*~, where *E*~S~ is a static contribution^[@ref29]^ independent of neighboring sites, *n*~*j*~ is the number of neighbors of type *j*, and *E*~*j*~ is the interaction energy of the adatom with this neighbor. Only interactions between face-sharing adatoms are considered, and long-range interactions are ignored. Hopping can occur both in the 6 cubic and 12 diagonal directions. For diagonal hops (step-down or step-up), the Ehrlich--Schwoebel barrier (*E*~ES~) is present due to the decreased coordination between a surface diffusing adatom and the substrate. An *E*~ES~ value of 0.15 eV was used, in good agreement with previous studies for various materials systems.^[@ref31]−[@ref33]^

To perform a hopping event, a random number, *r* (0 \< *r* \< 1), is generated, and the adatom with a hopping probability closer to *r*·*K* is chosen to hop, where *K* is the cumulative sum of the hopping probabilities. Adatoms with a higher hopping rate have a higher probability of being chosen. After an adatom is selected, the *E*~ES~ barrier determines the probability of diagonal movement. After each hop, the location of the adatoms in the (*X*, *Y*, *Z*) matrix is updated, and the hopping rates that may have changed and a new adatom is selected. The time of the simulation is updated after each hop using Δ*t* = −log(*r*)/*K*.^[@ref34]^ Once a simulation time equal to *1/f* has passed, where *f* is the deposition frequency, a new pulse of the material arrives, and the simulation steps begin anew.
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